Abstract. MicroRNAs (miRs) are a type of small non-coding RNA that serve crucial roles in the development and progression of breast cancer. However, the exact role and underlying molecular mechanism of miR-375 in mediating the growth and metastasis of breast cancer remains unknown. In the present study, reverse transcription-quantitative polymerase chain reaction and western blot analysis were conducted to examine RNA and protein expression. A luciferase reporter assay was performed to determine the association between miR-375 and paired box 6 (PAX6). The results of the current study indicate that the expression of miR-375 was reduced in breast cancer tissues compared with matched adjacent normal tissues. Transfection with miR-375 mimics led to a significant increase in levels of miR-375 in human breast cancer Michigan Cancer Foundation (MCF)-7 cells (P<0.05). The increase in miR-375 expression caused a significant decrease in the viability, migration and invasion of MCF-7 cells (P<0.05), accompanied by a reduced expression of matrix metalloproteinase (MMP) 2 and MMP9 proteins. Luciferase reporter assay identified PAX6 as a novel target of miR-375 and miR-375 in turn, negatively regulated the protein expression of PAX6 in MCF-7 cells. By contrast, overexpression of PAX6 led to a significant increase in MCF-7 cell viability (P<0.01) but did not affect the migration and invasion of MCF-7 cells, suggesting that the inhibitory effect of miR-375 on MCF-7 cell viability may be occurring, in part, via the direct targeting of PAX6.
Introduction
In females, the most commonly diagnosed type of cancer is breast cancer, which accounts for 23% of total cancer cases and 14% of cancer-associated mortality (1, 2) . Due to improved therapeutic strategies, the mortality rate for breast cancer has decreased markedly. However, it remains a leading cause of cancer-related mortality in females worldwide (1, 2) . The deregulation of numerous oncogenes or tumor suppressors has been demonstrated to participate in the development and progression of breast cancer (3) . Therefore, studying the specific roles of these genes, as well as their regulatory mechanisms, is promising for the development of effective therapeutic strategies to treat breast cancer.
MicroRNAs (miRs), a type of endogenous small non-coding RNA containing 22-25 nucleotides, are able to suppress the expression of genes by directly binding to 3'-untranslated region (UTR) of their target mRNAs, either causing translational repression or leading to mRNA degradation (4) . By negatively mediating their target genes, miRs participate in a variety of cellular biological processes including cell growth and proliferation, survival and apoptosis, differentiation, migration and invasion (5) (6) (7) (8) . Furthermore, it has been demonstrated that the deregulation of certain miRs, such as miR-375, are involved in tumorigenesis and tumor metastasis (9-11). Shi et al (12) demonstrated that miR-375 served a suppressive role in osteosarcoma by targeting the PIK3CA gene. Shen et al (13) suggested that miR-375 may promote the epithelial-mesenchymal transition, resulting in the development of chemo-resistance in cervical cancer cells. Accordingly, miR-375 may exhibit the functions of an oncogene or tumor suppressor in different human cancers and its exact role is tumor-specific. Currently, the underlying molecular mechanism by which miR-375 affects the biological processes of breast cancer cells remains largely unknown.
Paired box (PAX) 6, a member of the PAX family, is an important transcription factor associated with the development of the eyes, pancreas and central nervous system (14, 15) . Furthermore, it has been established that deregulated PAX6 is involved different types of human cancer, including non-small cell lung cancer (16) , retinoblastoma (17) , glioma (18) , colorectal cancer (19) , prostate cancer (20) and breast cancer (21) . Meng et al (21) demonstrated that miR-335 inhibited cell cycle progression, colony formation, proliferation and invasion by targeting PAX6 in breast cancer cells. This suggests that PAX6 may be used as a potential target for the treatment of breast cancer. Other miRs that are potentially involved in the regulation of breast cancer by targeting PAX6 have not yet been studied. Therefore, the present study aimed to investigate the role and molecular mechanism of miR-375 in the regulation of breast cancer growth and metastasis in vitro. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA of MCF-7 cells was isolated using TRIzol ® Reagent (Thermo Fisher Scientific, Inc.), in accordance with the manufacturer's protocol. In order to detect miR-375 expression, total RNA was reverse transcribed using the miScript II RT kit (Qiagen, Hilden, Germany) in accordance with manufacturer's protocol. qPCR was then conducted using the miScript SYBR Green PCR kit (Qiagen). All reactions were performed using an ABI 7500 PCR thermocycler (Thermo Fisher Scientific, Inc.). Primers were purchased from Yearthbio, Changsha, China and the primer sequences were commercially unavailable. The reaction conditions were as follows: 95˚C for 5 min, followed by 40 cycles of 95˚C for 10 sec and 60˚C for 30 sec. Relative mRNA expression levels were calculated using the 2 -ΔΔCq method (22) . The relative expression of miR was normalized using U6.
Materials and methods
Cell transfection. MCF-7 cells were transfected with miR-375 mimics (Thermo Fisher Scientific, Inc.) or scrambled miR as a negative control (miR-NC; Thermo Fisher Scientific, Inc.) using Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Briefly, MCF-7 cells were cultured to 70% confluence. miR-375 mimics, miR-NC, PAX6 plasmid (Yearthbio) or Lipofectamine ® 2000 were diluted with serum-free DMEM, respectively. The diluted 100 nM Lipofectamine ® 2000 was then mixed with the diluted miR and incubated at room temperature for 20 min prior to being added to the cell medium. Cells were incubated at 37˚C in 5% CO 2 for 6 h. The medium in each well of 6-well plates was then replaced by the normal serum-containing DMEM medium and cultured for 24 h prior to subsequent assays.
Western blot analysis. Cells were lysed and protein was isolated in radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc.). The concentration of protein was quantified using a bicinchoninic acid protein assay kit (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), according to the manufacturer's instructions. A total of 50 µg protein from each sample was separated using 12% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (Thermo Fisher Scientific, Inc.). The membrane was incubated with Tris-buffered saline and Tween-20 containing 5% skimmed milk (China Mengniu Dairy Company Limited, Hong Kong, China) at 37˚C for 2 h. The membrane was then incubated with mouse anti-PAX6 monoclonal antibody (1:100; ab197768; Abcam, Cambridge, MA, USA), mouse anti-MMP2 monoclonal antibody (1:50; ab86607; Abcam), mouse anti-MMP9 monoclonal antibody (1:50; ab58803; Abcam) or mouse anti-GAPDH monoclonal antibody (1:400; ab8245; Abcam) at room temperature for 3 h, respectively. The membrane was then washed four times with phosphate buffered saline (PBS) and Tween 20 (PBST; Sigma-Aldrich; Merck kGaA, Darmstadt, Germany), for 10 min. The membrane was incubated with the goat anti-mouse secondary antibody (1:5,000; A4416; Sigma-Aldrich; Merck kGaA) at 4˚C overnight and washed a further four times for 10 min with PBST. An Enhanced ECL Chemiluminescent Substrate Kit (Pierce Chemical, Dallas, TX, USA) was used to perform chemiluminescent detection, according to the manufacturer's instructions. Image-Pro plus software version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) was used to analyze the relative protein expression, presented as the density ratio vs. GAPDH.
Luciferase reporter assay. The wild-type (WT) or mutant type (MUT) 3'-UTR of PAX6 was inserted downstream of the luciferase reporter gene in the pMIR-REPORT vector (Thermo Fisher Scientific, Inc.), generating WT-PAX6 and MUT-PAX6. MCF-7 cells were co-transfected with miR-375 mimics/miR-NC, WT-PAX6/MUT-PAX6 and pRL-SV40 (Promega Corporation, Madison, WI, USA) expressing Renilla luciferase. Following 48 h incubation at 37˚C with 5% CO 2 , the luciferase activity was measured using the Dual-Luciferase ® Reporter Assay System (Promega Corporation). Cells in the control group were co-transfected with WT-PAX6/MUT-PAX6 and pRL-SV40 expressing Renilla luciferase.
Cell viability analysis. To measure cell viability, an MTT assay was performed. At 72 h post-transfection, a 100 µl cell suspension (5,000 cells/ml) was seeded into 96-well plates and incubated at 37˚C with 5% CO 2 for 12, 24, 48 or 72 h. For the MTT assay, 100 µl fresh serum-free DMEM with 0.5 g/l MTT replaced the transfection medium in each well. Following 4 h incubation at 37˚C, the MTT medium was removed by aspiration and 50 µl dimethyl sulfoxide was added to each well. Formazan production was detected following 10 min at room temperature using an ELx800 Absorbance Reader (BioTek Instruments, Inc., Winooski, VT, USA) to measure the optical density at a wavelength of 570 nm.
Cell migration assay. To examine the cell migratory capacity, 1x10 5 cells/well MCF-7 cells in each group were cultured in DMEM with 10% FBS to 100% confluence. Wounds of ~1 mm width were created with a plastic scriber and cells were washed once using PBS. Following 48 h culture at 37˚C with 5% CO 2 , MCF-7 cells were observed under an inverted microscope (Olympus Corporation, Tokyo, Japan).
Cell invasion assay. Transwell Chambers pre-coated with Matrigel (BD Bioscience, San Jose, CA, USA) were used to examine cell invasion capacity. Briefly, a suspension of MCF-7 cells (5x10 5 cells/ml) in each group was prepared in DMEM. A total of 300 µl cell suspension was added to the upper chamber, while 500 µl DMEM with 10% FBS was added to the lower chamber. Following 24 h incubation at 37˚C with 5% CO 2 , cells that did not invade through the pores were wiped out using a cotton-tipped swab. The filters were stained using 0.1% crystal violet and the invasive cell number was determined from five randomly selected fields under an inverted microscope (Olympus Corporation).
Statistical analysis. All data were expressed as mean ± standard deviation of triplicate experiments. Statistical analysis was performed using SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). Data was analyzed by one-way analysis of variance followed by Tukey post hoc test or Student's t-test and P<0.05 was considered to represent a statistically significant difference.
Results

miR-375 is significantly downregulated in breast cancer.
To reveal the exact role of miR-375 in breast cancer, RT-qPCR was conducted to examine the expression of miR-375 in breast cancer tissues as well as their matched normal adjacent tissues. It was determined that miR-203 expression was significantly decreased in breast cancer tissues compared with their matched normal adjacent tissues (P<0.01; Fig. 1 ), suggesting that miR-375 may serve a suppressive role in breast cancer.
miR-375 negatively mediates the viability, migration and invasion of breast cancer cells. MCF-7 cells were used to investigate the role of miR-375 in breast cancer in vitro. MCF-7 cells were transfected with miR-375 mimic or miR-375 inhibitor. Following transfection, RT-qPCR was conducted to examine levels of miR-375. Transfection with miR-375 mimic led to a significant increase in miR-375 levels (P<0.01), while transfection with miR-375 inhibitor led to a significant decrease in the level of miR-375 in MCF-7 cells (P<0.01; Fig. 2A ).
An MTT assay was conducted to determine the cell viability rate in each group. Overexpression of miR-375 significantly inhibited MCF-7 cell viability (P<0.01). By contrast, downregulation of miR-375 significantly promoted MCF-7 cell viability (P<0.01; Fig. 2B ), suggesting that miR-375 may serve a suppressive role in breast cancer growth.
Tumor cell migration and invasion are two key processes that occur during cancer metastasis, therefore the effects of miR-375 on breast cancer cell migration and invasion were further examined. Wound scratch assay data indicated that, compared with the control group, overexpression of miR-375 significantly suppressed MCF-7 cell migration (P<0.01), while inhibition of miR-375 led to a significant increase in the migration of MCF-7 cells (P<0.01; Fig. 3A) . Furthermore, the transwell migration assay data indicated that overexpression of miR-375 significantly inhibited MCF-7 cell invasion (P<0.01), while knockdown of miR-375 markedly enhanced MCF-7 cell migration, when compared to the control group (P<0.05; Fig. 3B ). This suggests that miR-375 may have a suppressive effect on breast cancer metastasis. Moreover, overexpression of miR-375 significantly reduced the MMP2 and MMP9 protein expression (P<0.01; Fig. 3C ), while inhibition of miR-375 promoted the protein expression of MMP2 and MMP9 in MCF-7 cells (P<0.01; Fig. 3C ).
PAX6 is a direct target of miR-375.
As predicted by the online software Targetscan (http://www.targetscan.org/vert_61/) PAX6 is a putative target of miR-375 (Fig. 4A ) and this targeting association is evolutionally conserved (Fig. 4B) . To determine whether PAX6 was a direct target of miR-375, the WT 3'-UTR or MUT of PAX6 mRNA was inserted downstream of the luciferase reporter gene in an apMIR-REPORT vector (Fig. 4C) . A luciferase reporter assay was then performed. In miR-375 and WT PAX6 3'-UTR co-transfected MCF-7 cells, the Renilla/firefly value of luciferase was significantly reduced compared with the control group (P<0.01; Fig. 4D ). However, in MCF-7 cells co-transfected with miR-375 mimic and MUT 3'UTR of PAX6, the Renilla/firefly value of luciferase did not decrease (Fig. 4D) , indicating that miR-375 does not bind to the MUT 3'UTR of PAX6. The results suggest that PAX6 is a novel target of miR-375.
miR-375 negatively regulates the protein expression of PAX6 in MCF-7 cells.
As miRs typically inhibit the expression of their target genes at a post-transcriptional level, the effects of miR-375 overexpression and downregulation on the expression of PAX6 protein in MCF-7 cells was investigated. RT-qPCR and western blot analysis were performed to examine levels of PAX6 mRNA and protein in miR-375-upregulating or -downregulating MCF-7 cells. miR-375 did not affect expression of PAX6 mRNA in MCF-7 cells (Fig. 5A) . However, levels of PAX6 protein were significantly reduced following upregulation of miR-375 (P<0.01) and significantly increased following miR-375 knockdown in MCF-7 cells (P<0.01; Fig. 5B ). These findings indicate that miR-375 negatively mediates the expression of PAX6 at the post-transcriptional level in breast cancer cells.
Overexpression of PAX6 inhibits cell viability but has no effect on cell migration and invasion in MCF-7 cells.
Based the aforementioned results of the present study, the inhibitory effects of miR-375 on MCF-7 cell viability, migration and invasion may occur via inhibition of PAX6. Thus, MCF-7 cells were transfected with a PAX6 plasmid to upregulate PAX6 expression. Following transfection, western blot analysis data indicated that the expression of PAX6 protein was significantly increased compared with the control group (P<0.01; Fig. 6A ). Furthermore, MTT assay data indicated that overexpression of PAX6 significantly promoted MCF-7 cell viability compared to the control group (P<0.01; Fig. 6B ). This indicates that PAX6 is involved in the regulation of miR-375-mediated MCF-7 cell viability. However, overexpression of PAX6 did not affect the migration and invasion of MCF-7 cells compared with the control group (Fig. 7) . Therefore, PAX6 may primarily regulate breast cancer growth but not metastasis and the suppressive role of miR-375 in the regulation of MCF-7 cell migration and invasion may occur due to mediation of other targets. P<0.01 vs. Control. MCF, Michigan Cancer Foundation; miR, microRNA; MMP, matrix metalloproteinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Control, non-transfected MCF-7 cells. For wound scratch assay, a magnification of x40 was used. For transwell assay, a magnification of x400 was used.
Discussion
miRs act as key regulators in different types of human cancer by negatively mediating their target genes, which are oncogenes or tumor suppressors (9-11). Deregulated miR-375 has been identified in numerous cancer types, including laryngeal squamous cell carcinoma (23), head and neck squamous cell carcinoma (24) , prostate cancer (25) , hepatocellular carcinoma (26), lung cancer (27) and breast cancer (28). Wu et al (29) examined the circulating miR profile in patients with breast cancer by deep sequencing all circulating small RNAs. Circulating miR-375 and miR-122 demonstrated a strong association with the clinical outcome, including neoadjuvant chemotherapy responses and relapse with metastatic disease (29) , suggesting that miR-375 is involved in breast cancer.
The suppressive role of miR-375 in breast cancer has been determined. Ye et al (30) demonstrated that miR-375 was downregulated in human epidermal growth factor receptor 2-positive breast cancer and its downregulation induced trastuzumab resistance by targeting insulin like growth factor 1. Furthermore, it was indicated that miR-375 inhibits the epithelial-to-mesenchymal transition in breast cancer by targeting the short stature homeobox 2 gene (31). However, the detailed molecular mechanism of miR-375 in the regulation of breast cancer remains largely unknown. In the present study, it was observed that miR-375 expression was reduced in breast cancer tissues compared with matched adjacent normal tissues. Overexpression of miR-375 significantly suppressed the viability, migration and invasion of breast cancer cells, suggesting that miR-375 acts as a tumor suppressor in breast cancer.
To further reveal the underlying molecular mechanism, the targets of miR-375 in breast cancer cells were investigated in the present study. PAX6 was predicted to be a putative target gene of miR-375. To clarify this prediction, a luciferase reporter assay was completed. This, to the best of our knowledge, was the first time PAX was identified as a direct target of the miR-375 gene. Furthermore, it was demonstrated that miR-375 negatively mediates the expression of PAX6 protein in breast cancer cells.
PAX6 is a member of the PAX gene family and acts as a key regulator in the development of the eyes, central nervous system and pancreas (15, 32, 33) . Furthermore, it has been demonstrated that PAX6 serves an oncogenic role in breast cancer. Knockdown of PAX6 expression markedly suppresses the viability, DNA synthesis and colony formation of breast cancer MCF-7 and MDA-MB-231 cells, and significantly inhibits tumorigenesis in xenograft nude mice (34) . Knockdown of PAX6 expression also led to an arrest at the G0/G1 phase in breast cancer cells (34) . In the present study, overexpression of PAX6 significantly enhanced MCF-7 cell viability, indicating that PAX6 promotes the cell viability of breast cancer cells. As miR-375 negatively regulated the expression of PAX6 protein in MCF-7 cells, it is suggested that the inhibitory effect of miR-375 on MCF-7 cell viability may occur directly by inhibiting PAX6 expression. However, overexpression of PAX6 did not affect the migration and invasion of MCF-7 cells, suggesting that PAX6 has no effect on breast cancer metastasis. Thus, the suppressive role of miR-375 in the regulation of MCF-7 cell migration and invasion may occur via mediation of other targets. It has been demonstrated that PAX6 mediates cell invasion in different types of cancer, including lung cancer (16) , glioma (18) , glioblastoma (35, 36) and colorectal cancer (19) . Therefore, the role of PAX6 in cancer cell metastasis may potentially be tumor-specific.
In conclusion, to the best of our knowledge, the present study is the first to demonstrate that miR-375 is downregulated in breast cancer and negatively mediates the viability, migration and invasion of breast cancer cells. This inhibitory effect of miR-375 on breast cancer cell viability partly occurred via the direct targeting of PAX6. Knowledge of the molecular mechanism of miRs in breast cancer has been expanded and suggests that the miR-375/PAX6 axis may be a promising target for the treatment of breast cancer in the future.
